I. INTRODUCTION

F
OR WAREHOUSE management, automated forklifts, robotic control, and for interactive guiding, a highly accurate indoor local positioning system is needed [1] .
Different approaches exist for local positioning. A comparison between different local positioning systems including Bluetooth, wireless fidelity (WiFi), RF identification (RFID), ultrasound, ultra-wideband (UWB), and worldwide interoperability for microwave access (WiMAX) is given in [2] . While systems based on existing wireless standards are cheap and broadly applicable [3] , only ultrasound and UWB systems can deliver so far an accuracy below 15 cm. However, frequency modulated continuous wave (FMCW)-based radar systems were not included in the comparison. The positioning system based on ultrasound techniques can achieve accuracies below 9 mm with a 90% confidence level in an area of 4 m [4] . Unfortunately, ultrasonic system exhibit poor performance in the presence of ultrasonic noise [5] , and thus cannot be used in an industrial environment. Today, most indoor positioning systems are either based on FMCW [6] - [8] , pulse-based UWB radar systems [9] , or FMCW-based UWB systems [10] , [11] . In a basic FMCW radar system, the base station (BS) transmits a frequency ramp, which is reflected by a backscatter. The round-trip time-of-flight (RTOF) causes a frequency offset between the transmitted and received frequency ramp at the BS, which is proportional to the distance between the BS and backscatter. The delayed frequency ramp is then down-converted with the transmitted ramp.
This paper describes a local positioning system based on an active pulsed phase coherent reflector (APR) as backscatter for an FMCW radar system designed in the framework of the RES-OLUTION European Union (EU) project [12] , [13] . The main difference to conventional FMCW systems is that the reflector regenerates the phase of the incoming signal every time it is switched on, but oscillates at a constant frequency. Fig. 1 illustrates this radar system consisting of a BS and an active pulsed reflector. The concept of the active pulsed reflector was originally proposed by [8] . The novel compact integrated active reflector application specific integrated circuit (ASIC) was presented in [14] . This paper describes the active pulsed reflector in greater detail and additionally presents the BS and 1-D measurements with directional and omnidirectional antennas in indoor and outdoor scenarios. 
II. THEORY
The theory of an active pulsed reflector, also called "switched injection locked oscillator," is covered originally in [8] and is summarized in this section.
The principle of the active pulsed reflector can be qualitatively understood by investigating the phase of the transmitted signal and received signal at the BS. The BS transmits a linear frequency ramp like a conventional FMCW radar, thus the phase of the signal increases quadratically with time. Fig. 2(a) illustrates the phase of the transmitted signal versus the sweep time . The active pulsed reflector receives this signal with a delay . Every time the reflector is switched on, an oscillation of duration is generated with the initial phase condition imposed by the received signal. The reflector starts oscillating with a determined phase , ideally , and a frequency , which is not necessarily the same frequency as the received signal. Thus, the phase of the reflector is synchronized to the incoming signal and the phase information is transmitted back to the BS. The difference of the transmitted and reflected phase at the BS, plotted in Fig. 2(b) , increases linearly over time and the gradient is directly dependent on the time-of-flight . Every time the reflector is switched on, the phase of the reflector is synchronized to the incident phase owing to the phase coherent startup. Furthermore, the switching also modulates the reflected signal with the switching frequency and allows the distinction between reflectors with different and between reflectors and passive reflections.
The following calculation summarizes the resulting baseband signal for this FMCW radar system with an active pulsed reflector. The BS transmits a linear frequency ramp given as (1) with the amplitude . The angular frequency is the center frequency and is the phase at . The time-dependent linear ramp is defined as (2) where is the sweep bandwidth and is the frequency ramp duration. This signal is received at the reflector after the time-of-flight and has been attenuated by . The incoming signal at the reflector can be written ideally as (3) Assuming the reflector is switched on at time , the instantaneous phase of the received signal at is
In case of an ideal startup behavior of the oscillator, the reflector starts to oscillate with the same phase as the received signal, but with the constant and different oscillation frequency of the oscillator. The reflector output signal is transmitted back to the BS and delayed by and attenuated by factor . Therefore, the received signal at the BS is given by (5) with , defined in (4), which represents the deterministic phase of the signal . is the amplitude of the oscillation of the reflector. We are interested in the resulting baseband signal, when the reflector is switched on once at during the emission duration . The frequency ramp duration of the radar is much longer than the time during which the reflector is on , thus can be approximated during with the constant value . The calculation can be further simplified by setting , which can be achieved by tuning the oscillation frequency with the tuning voltage . The low-pass filter after the BS mixer represents an integration in the time domain, thus the filtered down-converted signal for one pulse of the APR can be written as (6) The variable is the amplitude of the signal, depending on , , the attenuation factor , as well as the antenna, lownoise amplifier (LNA), and mixer gain. The integrator value is a constant value that depends on the time at which the reflector has been switched on. By repeating this process periodically with the frequency , we obtain an up-converted baseband time-domain signal (7) where (8) and (9) The spectrum of of this signal around the fundamental frequency is depicted in Fig. 3 . The sinc envelope of the signal leads to rectangular peaks in the spectrum. The frequency difference of the inner edges at the 3-dB points of these peaks is proportional to the time-of-flight . Hence, the distance between the BS and reflector can be calculated from (10) with as the propagation velocity. It is possible to detect multiple reflectors at the same time by using different modulation frequencies for every reflector. The square function modulates the baseband signal. Thus, the two peaks in the spectrum can be seen around the fundamental frequency , but also around the higher harmonics . Therefore, to identify multiple reflectors at the same time, the lowest modulation frequency and twice this frequency limits the available frequency space. The highest usable is determined by the sampling frequency of the ADC in the BS. 
A. Influence of Pulsewidth
Pulsing a sinusoidal signal with a rectangular signal leads to a sinc-shaped envelope in the frequency domain, as depicted in Fig. 4 . The width of the main lobe is . Thus, the optimal on-time is determined by the available bandwidth of the industrial-scientific-medical (ISM) band. For an optimal usage of the available 150-MHz bandwidth, the first zeros of the sinc function should lie at 5.725 and 5.875 GHz, respectively. The optimal on-time is ns (11) The spectrum of the perfect rectangular signal leads to strong sidelobes, which violates the ISM band requirements of 74.8-dBm/Hz spectral power density outside the band [15] . However, the startup and the switching off of the reflector is not instantaneous. The envelope rise time can be approximated by one half of a Gaussian curve. With this realistic approximation, one can see that the sidelobes are reduced and the regulations can be fulfilled. The sidelobes are further reduced due to the bandpass characteristics of the balun and antenna.
B. Link Budget
The power received at the reflector can be calculated by the Friis transmission equation (12) with as the wavelength, as the distance, and and as the received and transmitted power, respectively. and are the antenna gains of the receiver and transmitter. The Friis transmission equation can be used because the wanted signal The output power of the BS after the antenna is 10 dBm. The reflector uses a directional antenna with an antenna gain between 3-14 dBi, thus the received power of the reflector is more than 64 dBm. The needed output swing of the reflector is calculated using the same assumptions. The BS has a receiver sensitivity of 70 dBm and an antenna with at least 6-dBi gain. Therefore, in order to compensate the transmission loss, the signal at the reflector antenna has to be above 1 dBm. With an antenna gain of larger than 3 dBi, the reflector has to be able to transmit more than 2 dBm equaling to .
III. ACTIVE PULSED REFLECTOR
The active pulsed reflector consists of the active pulsed reflector ASIC described in [14] , a pulse generator for the on-off switching of the reflector, and a linear voltage regulator.
A. Active Pulsed Reflector ASIC
Based on the localization principle described above, an active pulsed reflector was designed in 0.18-m CMOS technology. The schematic of the implemented analog tunable reflector is illustrated in Fig. 5 . The reflector is a fully differential oscillator and consists of an input amplifier, an output amplifier driving the antenna, and a differential on-off-switching circuit. An external low-frequency quartz stabilized pulse generator controls the switching and modulates the reflected signal. The singleended antenna is connected through an external balun, thus the reflector has to be matched to 50 . The reflector is tunable in order to compensate process variations and has to be impedance matched to the antenna over the complete tuning range.
Both input and output amplifiers use the same differential structure shown in Fig. 6 . This circuit consists of a differential pair with a tunable LC load. The output and input amplifiers behave as bandpass filters. The pass frequency determines the oscillation frequency and can be tuned with two hyper-abrupt junction varactors. The simulated extracted tuning range is 1.1 GHz, and the measured tuning range is 1.24 GHz. The output matching to the 50-antenna follows the oscillation frequency, as shown in Fig. 7 . Simulation results show that the output matching is better than 9 dB over the complete tuning range. The output amplifier is capable of directly driving the equivalent load of the antenna. The simulated output power is between 3.5-7 dBm, the measured output power varies from 2.17 to 6.11 dBm depending on the oscillation frequency . The phase noise at 1-MHz offset is 116 dBc/Hz. System simulations predict no measurement error due to the phase noise. The measurement accuracy starts to decrease for a phase noise above 100 dBc/Hz @ 1-MHz offset. The active reflector is not sensitive to close to carrier phase noise due to the short on-time and the synchronization process at every startup.
The die micrograph of the reflector circuit is shown in Fig. 8 . The die area is 0.85 mm . All inputs and outputs are electrostatic discharge (ESD) protected, except the differential connection to the antenna and the tuning voltage input.
B. Pulse Generation
The optimal on-time of the reflector is 13.3 ns, as discussed in Section II-A. If multiple reflectors are detected at the same time, then every reflector needs a different modulation frequency , but the pulsewidth is the same for every reflector. Therefore, duty-cycle control is necessary. For the pulse generation, a quartz oscillator generates the modulation frequency . This signal is applied to a flip-flop with asynchronous reset. The delay in the reset path determines the pulsewidth. With this methodology, it is possible to generate the desired pulse length. The requirements on frequency stability are not critical because the absolute drift does not play a role in (10), but only the drift during one measurement sweep time ms. Assuming a worst case scenario with a long-term frequency stability of 25 ppm on , the frequency drifts by 50 Hz. This leads to a broadening of the peaks in Fig. 3 by 50 Hz, which corresponds to a positioning error of 1.25 cm.
In Fig. 9 , the complete reflector printed circuit board (PCB) is depicted.
IV. BSs
The active pulse reflector (APR) has been tested using the BS hardware depicted in Fig. 10 . A pseudomonostatic front-end is employed in order to achieve a good receiver noise figure of 3.5 dB. RF shielding on the front-end board and sufficient spacing of the TX and RX antennas have been provided to avoid receiver saturation by the transmitter. According to [16] , the positioning accuracy depends on the linearity of the frequency ramp. Thus, a 1-GS direct digital synthesizer (DDS) generates a reference frequency for a 5.8-GHz phase-locked loop (PLL) The low-pass filtered IF signal is sampled by a 14-bit analog-digital converter. Inside a Virtex 4 field-programmable gate array (FPGA), the time signal is additionally filtered and decimated. In order to obtain an interpolated spectrum, the windowed signal is zero padded by a factor of 16 before the calculation of the power spectrum by a fast Fourier transform. In a high multipath environment, detecting the peak location in the spectrum may lead to a large positioning error because the first multipath component (MPC) can be stronger than the line-of-sight (LOS) component. A better method is to detect the inner edges of the peaks. The best results are achieved by detecting the peaks and search then for the edge, which is 3 dB below the peak. The measured distance is then calculated by (10) . Data communication with a host computer is done over an Ethernet connection.
V. MEASUREMENT RESULTS
A. Active Reflector Performance Analysis
The performance of the active pulsed reflector in a laboratory setup without any multipath was presented in [14] and only a short summary is presented here. The basic characteristics for the active reflector ASIC are summarized in Table I . The active reflector has an oscillation rise time below 4 ns and a fall time below 3 ns. This allows to use fast pulses with an on-time of 13 ns. The reflector PCB with pulse generation, active pulsed reflector ASIC, quartz oscillator, and linear voltage regulator consumes 78 mA, the ASIC alone draws 30 mA from a 1.8-V supply. However, the 78 mA are only needed during the short emission duration .
B. Sensitivity of the APR to CW Signal
The sensitivity of the active pulsed reflector to CW signals is a good measure for the coherent startup of the reflector. Assuming a perfect startup of the reflector, the resulting output spectrum of the APR looks like Fig. 4 with the center frequency at , and the distance between the peaks is equal to . When the external signal strength reduces, the signal-to-noise ratio (SNR) decreases and the starting phase of the oscillator is influenced by the noise. This widens each peak and leads to a noisy output spectrum. When no input signal is applied, the oscillator starts each time with a random phase, the peaks in the spectrum vanish, and only a noisy sinc envelope is visible. In simulations, the behavior of the ratio between the peaks and the noise in the spectrum was analyzed. The noise was modeled as a sinusoidal wave at the same frequency as the CW signal, but with a random phase at every startup of the reflector. The ratio between the peaks in the spectrum and the noise increases linearly with higher input SNR.
The measurement results in Fig. 11 show that the noise floor decreases by 25 dB if the applied continuous wave (CW) signal power increases by 25 dBm. For an input power of 78 dBm, the peak to noise distance is 6 dB, which is equivalent to an SNR of 0 dB. Thus, the reflector starts phase coherent even with an input power of 78 dBm. For the operation range of 30 m, the received signal at the reflector is 64 dBm, thus the equivalent SNR is 14 dB. The resulting positioning error is less than 1 cm. The influence of the on-switching pulse could be kept very low, and thus, has only a minor influence on the positioning accuracy.
C. Distance Measurement
The positioning system was tested in different multipath environments and with a directional and omnidirectional antenna. Fig. 12 displays the measurement setup for a strong multipath scenario. The TX and RX antennas of the BS are mounted on a tripod. The active reflector connected to an antenna is mounted on a movable sledge.
1) Outdoor Measurement: By measuring outdoors, the number of existing multipaths is kept very low and the excess delays are larger. In this favorable environment, good positioning accuracy could be achieved. Fig. 13 depicts the measured distances. The overall standard deviation is 15 cm and the values are well reproducible. By measuring at the same position 50 times, the average standard deviation is only 1.6 cm, the highest measured standard deviation is 5.2 cm, the smallest is 1 cm. Additional measurements verified the functionality up to 24 m. The local standard devia- 2) Indoor Measurement: Indoor measurements were conducted in a strong multipath environment. The room is small and has partially metallic walls and measurement equipment inside. For a 14-dBi directional antenna, only the MPCs close to the LOS affects the positioning accuracy. For this indoor scenario, 260 positions were measured, and for each position, ten measurements were carried out. The overall standard deviation increases to 26.6 cm. Fig. 14 compares the measured distance error against the real distance. The measurements at a single position have a small standard deviation (minimum: 0 cm, average: 5.96 cm, maximum: 122.5 cm); therefore, the measurement error is due to MPCs. The biggest discrepancy occurs at 3.53 m. There, the error is due to a MPC, Fig. 14 . Plot of the measured distance error 1d for 2600 indoor measurements with a 14-dBi antenna. The standard deviation for consecutive measurements at the same position is only 5.96 cm. The distance error is dominated by multipath propagation. The solid line is the weighted average of the measurement. With the weighted average, the standard deviation over the whole range decreases from 26.6 to 7.17 cm. Fig. 15 . Measured spectrum for a distance of 3.83 m for outdoor, indoor with a directional 14-dBi antenna, and indoor with a whip antenna with 6-dBi gain. The measured spectrums agree with the theory. The peaks are well visible and detectable when only a few multipaths exist. In a high multipath environment, the inner edges of the peak can be better identified as the peaks.
which is stronger than the LOS component. Through the additional delay, additional peaks are formed. In Fig. 15 , this effect exists for the 6-dBi antenna. Hence, the detection algorithm is sometimes mislead and detects the wrong edge. The overall standard deviation without the two areas with the worst multipath condition is 9.1 cm. This value can be compared to the measurements presented in [17] , a similar radar system with a more complex and larger reflector, directional antennas, and additional signal processing in the BS is measured in an industrial environment. The achieved accuracy is 8 cm.
In a 2-D localization system, highly directional antennas cannot be used for the reflector. If the mobile reflector uses a whip antenna with 6-dBi antenna gain, more multipaths components are received and the positioning accuracy decreases. In Fig. 15 , the spectra of an outdoor measurement, an indoor measurement with directional antenna, and with an omnidirectional 6-dBi antenna are depicted. The outdoor measurement shows clearly distinct peaks unaffected MPCs. For the indoor measurement with a directional antenna, the disturbance due to multipath is already visible. In Fig. 16 , the measured distances with the whip antenna are plotted. The standard deviation increases from 26.6 to 74.21 cm, and the repeatability of the measurement at a single position decreases (minimum: 4 cm, mean: 26 cm, maximum: 139 cm). For a few positions of the reflector, the peaks are almost not visible in the baseband spectrum. This indicates that, at this point, the LOS component and the first MPC interfere destructively. This problem can be reduced by improving the edge detection algorithm and filtering, as described below.
D. Edge Detection Algorithm
Two different edge detection algorithms were studied. The first studied detects the peak of the spectrum and then searches the edge, which is 3 dB below this peak. This algorithm works well for outdoor measurements with almost no multipath propagation. However, with strong multipaths, it is possible, that the MPC leads to a higher peak than the LOS component, and thus, the wrong 3-dB point is detected. The second detection algorithm searches for the steepest edge in the spectrum by searching the peak in the derivative of the spectrum. This method detects the right edge even for overlapping peaks. The overall standard deviation , as well as the local standard deviation improved with the steepest edge detection as depicted in Fig. 17 . However, if the peaks are split into two peaks, sometimes the second edge was detected, leading to a large positive measurement error.
Hence, the positioning accuracy can improve with further optimization of the peak detection algorithm. Possible improvements include a weighting of the edges so that only the steepest and highest edge is detected or by helping the detection algorithm by giving an estimation of the position before the position is detected.
E. Distance Measurement Filtering
In indoor environments with strong multipaths, there are places with very bad multipath conditions and this leads to a large measurement error. In a nonstatic environment, the multipath conditions always change. In such an environment, the overall accuracy can be improved by using a filter. The best solution is to use a Kalman filter, which is fitted to the specific application [18] . In this paper, a sliding window averaging is applied for simplicity. The average is weighted by the variance of the data to reduce the influence of the points with large multipath conditions. With this filter, the standard deviation for our indoor measurements with a 14-dBi antenna improved from 26.6 to 7.17 cm. For the 6-dBi antenna, the standard deviation improved from 74.21 to 32.88 cm. Randomly selecting one measurement at each position and filtering leads to a standard deviation of 33.38 cm. Thus, multiple measurements at the same position does not significantly improve the accuracy.
F. Comparison Between Simulation and Measurement Results
The influence of multipaths on the positioning accuracy is investigated with Simulink simulations. The active reflector is simplified to a loop gain A and a bandpass filter with center frequency and a factor. The startup of the reflector is correctly modeled, but the phase noise and distortion of the initial phase due to the switching process is neglected.
First simulations are conducted using a simple multipath model with only one multipath. With a path delay close to and the same amplitude as the LOS component, the detection error increases to 1 m. The measurement results showed a worst case standard deviation of 1.39 m, which is close to the simulated result. Thus, the large standard deviation in the measurements can already be qualitatively explained by this simple model. For further simulations, more realistic channel models are used, as proposed by [19] . Channel models for residential LOS, office LOS, industrial LOS, and outdoor LOS exist. The office LOS scenario models small rooms with many reflections, residential LOS has less reflections. The industrial LOS scenario models large rooms, with a few (but strong) multipaths, as is to be expected in a factory hall. The measurement laboratory in Fig. 12 is a rather small room with strong and many multipaths, thus the office LOS scenario is the best suited model. The multipath propagation is added to both directions, from the BS to the reflector and also to the way back. The distance between the reflector and BS is assumed to be 3 m. By simulating 30 different realizations of the same channel model, the resulting standard deviation is 18.27 cm.
The measurement results for an indoor environment with a 14-dBi antenna showed a standard deviation of 26.6 cm, which is 8 cm larger than simulated. The simulation does not take the phase noise of both the reflector and BS into account and also does not model nonlinearity in the frequency ramp generation, and thus it is expected that the simulation results are more optimistic than the measurement results.
VI. IMPROVEMENTS
For 2-D localization, at least three BSs are needed. The more BSs employed, the better the positioning accuracy. A higher space diversity is better than averaging multiple measurements from the same BS because the MPCs at one point do not change significantly between subsequent measurements, but they are different for different BSs. With multiple BSs, an algorithm such as the mass spring model [3] outperforms on geometry-based multilateration.
For nonstatic environments, the positioning accuracy can be further improved by applying Kalman filtering [18] instead of a sliding window weighted average. The active pulsed reflector generates a phase coherent output signal to the interrogating signal, and thus a secondary radar synthetic aperture technique could, in principle, also be applied [20] , [21] .
VII. COMPARISON WITH STATE-OF-THE-ART
The comparison of the achieved detection accuracy with the state-of-the art is difficult because most papers present measurement results in an idealized environment and with directional antennas. Reference [17] presents comparable measurments. They achieve the same accuracy, but with a larger and more complex reflector.
An UWB system based on an FMCW radar was presented in [10] . This UWB system uses the same principle as [17] , except that the output signal is chopped in order to make it UWB compliant. Both systems use a reflector, where the received frequency ramp is downmixed with an internal frequency ramp generated with direct digital synthesizing and a PLL. A digital signal processor (DSP) then calculates the time shift between the incoming frequency ramp and the internal ramp and synchronizes the internal ramp to the incoming. At the next receiving ramp, the reflector transmits the generated ramp. The BS then calculates the time difference between the ramp it has transmitted and the delayed ramp from the mobile station. Table II compares the state-of-the art with this study. The simple and elegant active reflector approach delivers comparable measurement accuracies as the more complex reflectors. Our active reflector is the smallest and the only integrated reflector solution.
VIII. CONCLUSION
A novel compact active pulsed reflector for a low-complexity FMCW indoor positioning system is integrated in a 0.18-m CMOS technology. The advantages of the novel active reflector approach are manifold. First, no clock synchronization between the BSs is needed. Moreover, the reflectors are power efficient and multiple reflectors can be identified at the same time.
The presented localization system was tested indoors and outdoors with directional, and more importantly, with omnidirectional antennas. The measurements proved that the APR even works under harsh multipath conditions with an omnidirectional antenna. The system offers a compact reflector with a positioning accuracy good enough for many applications such as interactive guiding and automatic guided vehicles.
The position accuracy can be increased with an improved peak detection algorithm and with further signal processing such as Kalman filtering on a system level. The positioning accuracy will increase and the susceptibility to multipath propagation is reduced by applying adaptive beam steering in the BSs.
